A Strategic Framework for Secure
Automation of Dynamic CPU Mitigations
in the Linux Kernel

Executive Summary

The relentless discovery of speculative and transient execution vulnerabilities in modern CPUs,
such as Spectre and Meltdown, has imposed a significant and often burdensome performance
cost on system administrators. The software mitigations required to secure systems against
these hardware flaws can degrade throughput by as much as 20% to 70% in certain workloads,
creating a persistent and challenging trade-off between security and performance. The current
Linux kernel paradigm, which restricts the configuration of these mitigations to boot-time
parameters, lacks the flexibility required for modern, dynamic computing environments where
workloads and risk profiles can change rapidly.

In response to this challenge, a proposal from an AMD engineer introduces "Dynamic
Mitigations" for the Linux kernel. This feature offers a powerful new capability: the run-time
toggling of CPU security mitigations through a sysfs interface located at
/sys/devices/system/cpu/mitigations. This mechanism promises unprecedented agility, allowing
systems to adapt their security posture to match real-time performance demands and evolving
threat landscapes without requiring disruptive reboots.

However, this newfound flexibility introduces a complex architectural problem that forms the
central focus of this report: how to automate this powerful toggling capability without creating
transient security vulnerabilities during the mitigation state transitions. A naive or poorly
designed automation framework could inadvertently open brief but critical windows of
opportunity for attackers, undermining the very security the feature is intended to manage.

This report presents a multi-layered strategic framework for the secure automation of Dynamic
Mitigations. It advocates for a progressive implementation, moving from simple, workload-aware
policies to sophisticated, threat-responsive control systems. The analysis is founded on a deep
examination of the kernel's underlying re-patching mechanism, a formal threat model of the
state transition process, and actionable blueprints for implementation using established
enterprise tools. The guiding principle of this framework is to maintain a "secure-by-default"
posture, where the system's security is only relaxed under well-defined, auditable, and trusted
conditions. By adopting these strategies, organizations can harness the performance benefits of
dynamic mitigations while ensuring that the integrity and security of their systems are not
compromised during the process.

The Mechanics and Security Invariants of Dynamic
Mitigation Switching
A prerequisite for developing any secure automation strategy is a comprehensive understanding

of the underlying kernel mechanism. The Dynamic Mitigations feature is not a simple switch; it
involves a carefully orchestrated, system-wide operation designed to ensure consistency and



atomicity. This section deconstructs the control plane, the re-patching process, and the
fundamental security guarantees upon which all higher-level automation must be built.

The sysfs Control Plane: A New Kernel API

The primary user-facing component of the Dynamic Mitigations feature is a new, writeable file
within the sysfs virtual filesystem, located at /sys/devices/system/cpu/mitigations. This interface
serves as the control plane for initiating a mitigation state change.

The functionality is designed for simplicity and compatibility with existing administrative
practices. An administrator or an automated process can trigger a re-patching operation by
writing a string to this file. The format of this string is identical to the kernel boot parameters
already used for static mitigation control. For example, to disable all optional mitigations, one
would execute:

echo "mitigations=off" > /sys/devices/system/cpu/mitigations

Similarly, to enable a specific configuration, such as using retpolines for Spectre Variant 2, the
command would be:
echo "spectre v2=retpoline" > /sys/devices/system/cpu/mitigations

From a security perspective, this design has immediate implications. Access to this sysfs file
requires root privileges, which provides a crucial first line of defense against trivial attacks by
unprivileged malware or users. This aligns with the general security model of Linux, where
sensitive system-wide configuration is restricted to the superuser. However, the introduction of
this interface also centralizes a powerful security control into a single, easily scriptable file.
While this is a benefit for automation, it also makes the file a high-value target for any attacker
who successfully achieves privilege escalation. A compromised root account could use this
interface to silently disable all CPU hardware defenses before launching further attacks, a
scenario that has raised concerns within the community. Therefore, robust auditing and
monitoring of any writes to this file are paramount.

The "Big Hammer": stop_machine_nmi() and the Atomic Transition

The process of re-patching a live kernel is an inherently delicate and potentially disruptive
operation. The Dynamic Mitigations proposal addresses this by employing what the author
describes as a "very big hammer": the stop_machine_nmi() routine. This mechanism is reserved
for rare and critical system-wide changes, such as live kernel patching or module loading, where
absolute consistency across all CPUs is required. The entire transition process, observed to
take approximately 50 milliseconds, is a carefully choreographed sequence designed to ensure
atomicity.

The sequence of operations is as follows:

1. Freeze All Tasks: The first step is to bring the system to a controlled halt. The kernel's
task freezer is invoked, which sends a signal to all userspace tasks and most kernel
threads, causing them to enter a suspended state. This effectively pauses the execution
of all non-essential software on the system.

2. Global Synchronization via NMI: The stop_machine_nmi() function is then called. This
routine uses Non-Maskable Interrupts (NMIs) to force every CPU in the system to stop its
current work and execute a specific, synchronized kernel function. This is a more powerful
guarantee than simply freezing tasks, as it ensures that all processor cores are in a



known, quiescent state, preventing any user or kernel code from running concurrently with
the sensitive patching operation.

3. Revert to Compile-Time State: A key design choice in this proposal is the method of
transitioning between mitigation states. Rather than developing complex logic to patch
directly from an arbitrary state A to another state B, the kernel is first reverted to its
original, compile-time state. To facilitate this, the original, unmitigated bytes from kernel
code sections that are modified by mitigations (such as alternatives or retpolines) are
saved in memory during the initial boot process. This "revert-then-patch" strategy
dramatically simplifies the patching logic, as the kernel is always modified from a
known-good, pristine baseline.

4. Apply New Mitigations: Once the kernel code has been restored to its original form, the
new set of mitigations, specified by the string written to the sysfs interface, is applied. This
patching process is functionally identical to the one that occurs at boot time, ensuring
consistency in how mitigations are enabled regardless of when the configuration is
applied.

5. Thaw Tasks: With the re-patching complete, the stop_machine routine finishes, and the
task freezer is instructed to thaw all suspended tasks. Normal system operation resumes
with the new mitigation posture in effect.

Security Invariants and Guarantees

The use of the stop_machine_nmi() mechanism provides several fundamental security
guarantees that form the basis of a trusted transition:

e Atomicity: From the perspective of any running process, the transition is atomic. No
process will ever execute code while the kernel is in a partially-patched or inconsistent
state. It is either running under the old mitigation set or the new one, with no intermediate
visibility.

e State Consistency: The "revert-then-patch" strategy ensures that the kernel is always
patched from a known, consistent baseline. This minimizes the risk of bugs or
vulnerabilities arising from complex state-to-state patching logic, where interactions
between different mitigation techniques could lead to unforeseen security holes.

e No Concurrent Execution: The most critical guarantee is that no untrusted userspace
code or unrelated kernel code can execute during the patching window. This global pause
is the primary safeguard against direct software-based interference with the patching
process itself.

While these software-level guarantees are robust, they do not exist in a vacuum. The interaction
between this process and the underlying CPU microarchitecture creates a more subtle and
complex security landscape. The very act of reverting to a pristine, unmitigated state, even for a
moment within a highly controlled environment, introduces a theoretical attack surface.
Furthermore, the global, predictable nature of the 50ms freeze could itself be leveraged by a
sophisticated attacker as a tool for synchronizing side-channel attacks, turning a defensive
mechanism into a potential information-leaking oracle. These deeper implications must be
addressed in any comprehensive security strategy.

Threat Modeling the State Transition Attack Surface

While the stop_machine_nmi() mechanism provides strong guarantees against conventional



software attacks during the transition, the core of the user's query revolves around ensuring no
new security gaps are created. To address this, a formal threat model is required, focusing
specifically on the transient state and its interaction with the underlying hardware. This analysis
moves beyond the software's intended behavior to consider how a sophisticated attacker might
exploit the physical realities of the CPU or the observable side effects of the transition process
itself.

Attacker Model

Two primary attacker models are relevant to the security of the dynamic mitigation transition:

e Privileged Local Attacker: This model assumes an attacker has already achieved root
access on the system. Their objective is not to simply use the sysfs interface to disable
mitigations—a trivial action with root privileges—but to exploit the transition process itself.
The goal is to leverage the brief window of the state change to achieve a deeper level of
compromise, such as defeating Kernel Address Space Layout Randomization (KASLR) to
find critical kernel objects, or extracting cryptographic keys or other sensitive data from
the memory of other processes.

e Unprivileged Local Attacker: This model assumes an attacker is running code within a
sandboxed or unprivileged context. Their objective is to find a flaw in the transition
mechanism that can be exploited without root access. This could involve triggering the
transition indirectly (by manipulating a privileged automation daemon) and then using a
side channel to leak information, or discovering a hardware-level vulnerability that allows
them to influence the transition's outcome.

Vector 1: Microarchitectural State Tampering

The "revert-then-patch" process implies the existence of a brief, logical window where the
kernel's code is completely unmitigated. While all tasks are frozen at the software level, the
CPU cores are still active, executing the stop_machine code. This raises a critical question: can
an attacker influence the CPU's speculative behavior during this unmitigated phase?

The hypothesis for this attack vector is that an attacker could "prime" the CPU's
microarchitectural buffers—such as the Branch Target Buffer (BTB), Return Stack Buffer (RSB),
or store buffers—with malicious data before the stop_machine call is initiated. The hope would
be that this state is not fully cleared by the NMI handler and that the CPU might speculatively
execute instructions or access data based on this poisoned state during the brief moment the
kernel code is unmitigated. This could potentially leak information across privilege boundaries,
even with all user tasks frozen.

The feasibility of such an attack is highly dependent on the specific CPU microarchitecture and
the precise sequence of operations within the stop_machine_nmi() handler. Modern CPUs have
instructions and MSRs designed to mitigate such attacks by flushing these buffers, such as
Indirect Branch Prediction Barrier (IBPB). However, the security of the transition relies on the
assumption that these flushing operations are explicitly and correctly invoked at the entry point
of the transition handler, before the kernel code is reverted. The continuous discovery of novel
hardware vulnerabilities, such as Battering RAM which bypasses memory encryption designs ,
demonstrates that assumptions about hardware security boundaries are frequently proven
incorrect.

The primary mitigation strategy against this vector must be embedded within the kernel's
transition logic itself. The stop_machine_nmi() handler must, as a non-negotiable first step,



issue all necessary serializing instructions and MSR writes to flush speculative and
microarchitectural state buffers (e.g., executing an IBPB command). This action must be
performed before any code is reverted, ensuring that the CPU enters the unmitigated phase in
the cleanest possible state.

Vector 2: Side-Channel Information Leakage

The transition process, with its global 50ms freeze, creates a highly predictable, system-wide
event. For a side-channel attacker, such an event is a powerful tool. Side-channel attacks, like
the TLB-based attacks that have been shown to leak kernel object locations and bypass
KASLR, often rely on precise timing measurements and observing resource contention. On a
normally running system, the noise from other processes, interrupts, and scheduler activity can
make these measurements difficult and unreliable.

The stop_machine event fundamentally changes this environment. It introduces a period of
near-absolute silence across the system, followed by a "thunderclap" as all tasks are thawed
and resume execution simultaneously. An attacker could leverage this in several ways:

e Synchronization: An attacker could use the thaw event to perfectly synchronize
malicious threads across multiple CPU cores, allowing for more coordinated and effective
contention-based attacks.

¢ Amplified Signal: The global thaw would cause a massive, synchronized rush to
repopulate CPU caches and Translation Lookaside Buffers (TLBs) across the system. An
attacker using a technique like Evict+Reload could observe the patterns of this
repopulation with a much clearer signal-to-noise ratio than would ever be possible on a
running system. This could significantly increase the speed and reliability of attacks
designed to map out the kernel's randomized memory layout.

This vector turns the security mechanism into a potential information-leaking oracle. Frequent,
automated toggling of mitigations could provide an attacker with a repeated, high-precision
timing signal, greatly aiding their efforts to compromise the system. This is a classic example of
a security feature introducing an unforeseen negative interaction, a phenomenon that has been
observed in other kernel defenses.

Mitigating this side-channel vector requires intervention at both the automation and kernel
levels:

1. Rate-Limiting: Any userspace automation daemon responsible for triggering mitigation
changes must enforce a strict rate limit. This prevents an attacker from repeatedly
inducing the synchronization event in a tight loop, making it harder to gather sufficient
data for an attack.

2. Jitter and Desynchronization: The kernel's task-thawing process could be modified to
introduce a small, randomized delay (jitter) to the resumption of tasks on each core. This
would break the perfect synchronization of the "thunderclap," reintroducing noise into the
system and making timing-based side channels less reliable.

Vector 3: Denial of Service

While less subtle than a side-channel attack, the potential for denial of service is a practical
concern. An attacker who has gained root access could trigger rapid, repeated mitigation
changes to induce a "death by a thousand freezes." A 50ms global freeze is a significant event.
If triggered once per second, this would consume 5% of the system's total CPU time in
system-wide stalls, degrading performance for all applications. If triggered more rapidly, it could



render the system effectively unusable, especially for latency-sensitive or real-time workloads.
While this requires root access, it presents a potent method for malware to disrupt system
operations in a way that might be difficult to diagnose, as the performance degradation would
appear as periodic, unexplained stalls rather than a constant high CPU load. The mitigation for
this is straightforward: the kernel driver for /sys/devices/system/cpu/mitigations should enforce a
mandatory cooldown period (e.g., several seconds) between successful re-patching operations.
Any subsequent write requests during this cooldown period should be rejected immediately with
an EBUSY error, preventing abusive, high-frequency toggling.

Ultimately, the security of the transition process is not self-contained within the kernel's software
logic. It is fundamentally dependent on the correctness of the underlying CPU microcode and
hardware. The threat models reveal that the toggling mechanism introduces a new dependency:
the correctness of the transition is now part of the kernel's trusted computing base, and this
correctness relies on the hardware behaving as documented. This elevates the importance of
timely microcode updates from a routine maintenance task to a critical component of this
feature's security.

Policy-Driven Automation Frameworks: From Static
Roles to Dynamic Response

With a clear understanding of the transition mechanism and its associated risks, it is possible to
design secure automation frameworks. The key is to move beyond simple, ad-hoc scripting and
implement a policy-driven approach where mitigation state changes are governed by a clear,
auditable, and robust set of rules. This section outlines three strategies of increasing
sophistication, from static, role-based profiles to fully dynamic, threat-responsive systems.

Foundational Tooling: The tuned Daemon

The ideal userspace component for managing mitigation states is the tuned daemon. tuned is a
standard system service in many Linux distributions, designed specifically to switch between
system-wide performance and power-saving profiles. Its architecture is perfectly suited for this
task.

tuned operates using profiles, which are simple configuration files that can set sysctl kernel
parameters, write values to sysfs files, and execute arbitrary scripts. This maps directly to the
requirement of writing specific strings to the /sys/devices/system/cpu/mitigations file.
Furthermore, tuned provides a command-line interface, tuned-adm, for manually switching
profiles, and it can be controlled programmatically via D-Bus, allowing for integration with
higher-level orchestration tools. While tuned also supports a "dynamic tuning" mode where it
monitors system components and adjusts settings automatically, this feature is often disabled in
performance-critical profiles to ensure predictable behavior. The strategies outlined here will
primarily leverage its ability to apply consistent, named profiles, which can then be triggered by
an external monitoring or orchestration system.

Strategy 1: Workload-Aware Toggling with Static Profiles

The simplest and safest automation strategy is to define a set of tuned profiles that correspond
to specific, well-understood system roles or workloads. This approach avoids the complexities of
real-time decision-making and instead relies on an administrator's explicit choice of security



posture based on the server's function. This is a significant improvement over the boot-time-only
paradigm, as it allows for post-deployment changes without reboots, which is particularly
valuable for benchmarking and testing.

Example profiles could include:

e secure-web-frontend: This profile would inherit from a low-latency network profile and
explicitly set mitigations to the most secure setting. The tuned.conf might include a
section to write "auto,nosmt" to the sysfs interface, enabling all available mitigations and
disabling Simultaneous Multi-Threading (SMT) if it poses a risk.

e hpc-compute-node: For a high-performance computing node running trusted,
non-adversarial code in an isolated network, this profile would inherit from a
high-throughput profile and set mitigations to "off" to maximize computational
performance.

e developer-workstation: A general-purpose profile for a developer's machine might
inherit from the balanced profile and set mitigations to "auto", which mitigates known
vulnerabilities but may leave SMT enabled for better multitasking performance.

In this model, the "trigger" for a profile change is an administrative action, typically executed via
a configuration management tool like Ansible or Puppet. The tool would apply the appropriate
tuned profile based on the server's role in the infrastructure inventory. This strategy provides
flexibility while minimizing the attack surface, as the decision to change the security posture
remains under direct administrative control.

Strategy 2: Bridging the Granularity Gap with cgroups and a
Monitoring Daemon

A significant limitation of the Dynamic Mitigations feature is its system-wide scope. Many
real-world scenarios involve mixed workloads on a single OS instance, where some processes
require maximum security while others demand maximum performance. For example, a user
might want full mitigations enabled for their web browser and email client, but not for a trusted
compiler running on local source code.

This strategy proposes an architecture that simulates per-workload granularity by using Linux
Control Groups (cgroups) to classify running processes. While mitigations cannot be applied on
a per-cgroup basis, cgroups can serve as a reliable signal to a system-wide policy engine.
Cgroups are the kernel's standard mechanism for organizing and isolating processes, making
them an ideal tool for defining security contexts.

The proposed architecture consists of four components:

1. Security-Level cgroups: An administrator defines a hierarchy of cgroups that represent
different security levels. For example, using systemd slices, one could create
/sys/fs/cgroup/system.slice/security _untrusted.slice and
/sys/fs/cgroup/system.slice/security_trusted.slice.

2. Process Assignment: Processes are launched into the appropriate cgroup based on
their trust level. A web browser or a container running untrusted code would be assigned
to the security_untrusted.slice, while a batch processing job or a trusted database would
be assigned to the security_trusted.slice. This assignment can be managed declaratively
through systemd unit files or container runtime configurations.

3. Monitoring Daemon: A custom userspace daemon (or a script integrated with tuned's
dynamic capabilities) continuously monitors the population of these cgroups by reading
their respective cgroup.procs files.



4. Policy Engine: The daemon implements a clear and simple policy: "If the
security_untrusted.slice contains one or more processes, activate the full-mitigations
tuned profile. If the security _untrusted.slice is empty and only trusted slices are
populated, activate the performance-mitigations profile."

This architecture creates a "secure-by-default" system that automatically elevates its security
posture the moment any untrusted code begins execution. It ensures the system is always
protected when necessary, providing a practical solution to the granularity problem without
requiring kernel-level changes.

Strategy 3: Advanced Automation via Threat-Responsive Control

This strategy shifts the policy logic from being workload-aware to being threat-responsive. The
system operates in a more performant state by default, but upon the detection of a potential
security threat, it immediately and automatically switches to a full-security posture. This "circuit
breaker" pattern is designed for environments where security is paramount and an immediate,
automated response to threats is required.

This approach requires tight integration with security monitoring tools:

e Intrusion Detection Systems (IDS/IPS): A network IDS like Suricata or a host-based
IDS like Wazuh can be configured to trigger a script or send a D-Bus signal upon
detecting suspicious activity, such as a reverse shell attempt, command-and-control
traffic, or anomalous network scans.

e eBPF Runtime Security: Modern runtime security tools like Falco or Cilium's Tetragon
use eBPF to monitor kernel activity at the syscall level. They can detect anomalous
behavior with high fidelity (e.g., a web server spawning a shell) and can be configured to
execute a response script when a high-severity alert is generated.

e Linux Security Modules (LSMs): A high volume of SELinux AVC denials or AppArmor
violations can be a strong indicator of an active exploit attempt. A monitoring agent can
parse these logs and trigger a state change when a predefined threshold is exceeded.

The automation daemon listens for these security events. Upon receiving a credible threat
signal, it "trips the circuit breaker" and immediately invokes tuned-adm profile full-mitigations. A
crucial aspect of this pattern is that the transition to the secure state should be "sticky." It should
not automatically revert after the alert clears; instead, it should require manual intervention by a
security administrator to reset. This prevents an attacker from simply waiting out the alert and
trying again, ensuring that any potential compromise is investigated while the system remains in
its most hardened state.

The choice of automation strategy has profound implications, as it fundamentally redefines the
system's default security posture. The workload-aware model (Strategy 2) establishes a
"secure-by-default" posture that is only relaxed when all running code is verifiably trusted. In
contrast, the threat-responsive model (Strategy 3) implies a "performant-by-default" posture that
only becomes fully secure after an attack is already underway. This carries the risk that the
initial stages of an attack will execute on a less-secure system. Therefore, a hybrid approach is
architecturally superior: the system should use the cgroup-based model as its baseline to match
the security posture to the current workload mix, while the threat-responsive model acts as an
emergency override, forcing a transition to the absolute maximum security level if the system's
trust model is ever violated.



Implementation and Orchestration at Scale

Translating these strategic frameworks into practice requires a detailed understanding of the
specific tools and configurations involved. This section provides actionable implementation
details for using the tuned daemon, orchestrating changes across a fleet with Ansible, and
establishing the critical auditing and verification processes necessary for a secure and
compliant deployment.

Implementation Deep Dive: tuned Profiles for Mitigation Control

The tuned daemon offers two primary methods for writing to the
/sys/devices/system/cpu/mitigations file: the sysfs plugin and the script plugin. The choice
between them depends on the complexity of the required operation.

Method 1: The sysfs Plugin

The sysfs plugin is the most direct, declarative, and idempotent method for managing sysfs
values. Red Hat documentation confirms its existence and specifies a simple syntax:
path=value. This plugin is ideal for statically defining the desired mitigation state within a profile.
For example, to create a custom profile named full-security that inherits from the
latency-performance profile but ensures all mitigations are enabled and SMT is disabled, one
would create the file /etc/tuned/full-security/tuned.conf with the following content:

# /etc/tuned/full-security/tuned.conf

[main]
summary=Full mitigations for speculative execution vulnerabilities
include=latency-performance

[sysfs]
/sys/devices/system/cpu/mitigations="auto,nosmt"

This approach is clean, easy to audit, and leverages tuned's native capabilities for applying and
reverting settings.

Method 2: The script Plugin

For scenarios requiring more complex logic—such as conditional checks, detailed logging, or
integration with other commands—the script plugin provides the necessary flexibility. This plugin
executes an external script when the profile is activated (with the argument start) and when it is
deactivated (with the argument stop).

To create a profile named hpc-performance that disables mitigations and logs the action, one
would define /etc/tuned/hpc-performance/tuned.conf as follows:

# /etc/tuned/hpc-performance/tuned.conf

[main]
summary=Disable all optional CPU mitigations for maximum performance
include=hpc-compute



[script]

script=/etc/tuned/hpc-mitigations-script.sh

The corresponding script, /etc/tuned/hpc-mitigations-script.sh, must be made executable and
would contain the control logic:

#!/bin/bash

# /etc/tuned/hpc-mitigations-script.sh

LOG _FILE="/var/log/tuned/mitigations.log"
MITIGATIONS FILE="/sys/devices/system/cpu/mitigations"

# The script
'stop!

# and

if [ u$1n

echo "S$ (date) :

is called with
when it is deactivated.
"start" ];
Activating hpc-performance profile.

then

'start’

mitigations to OFF." >> ${LOG FILE}
echo "mitigations=off" > ${MITIGATIONS FILE}

elif [

the

# state of the previously active profile.

or

||$1n

n stop no] ;

then
# When a profile is stopped,

# any explicit cleanup if needed.

echo "$ (date) :

will be reverted." >> ${LOG FILE}

fi

exit O

when the profile is activated,

Setting

tuned automatically reverts settings to

This block is for logging

Deactivating hpc-performance profile. Mitigations

The following table provides a clear comparison to guide administrators in selecting the
appropriate plugin for their needs.

script=/path/to/scri
pt.sh

complex logic,
custom logging, or
pre/post-change
checks.

integrate with
other tools, allows
for detailed
auditing and
notifications.

Plugin Name Syntax Example |Use Case Pros Cons
sysfs [sysfs] Statically setting a |Declarative, Lacks flexibility for
/sys/devices/syste [specific mitigation [idempotent, conditional logic,
m/cpu/mitigations=[value within a simple, and uses [|custom logging, or
"auto” profile. native tuned error handling.
functionality for
state
management.
script [script] Implementing Highly flexible, can|More complex,

state management
is manual,
potential for
scripting errors,
less idempotent by
nature.




Fleet-Wide Management with Ansible

While tuned manages the state on an individual host, a configuration management tool like
Ansible is essential for deploying and orchestrating these policies at scale across a fleet of
servers. Ansible's role is not real-time response but rather ensuring the consistent and correct
deployment of the automation framework itself.

A typical Ansible playbook for managing dynamic mitigations would perform the following tasks:

1. Deploy Custom tuned Profiles: Use the ansible.builtin.template or ansible.builtin.copy
module to distribute the custom tuned.conf files and any associated scripts to the
/etc/tuned/ directory on all target hosts.

2. Ensure tuned Service is Active: Use the ansible.builtin.service module to ensure the
tuned daemon is installed, enabled, and running.

3. Set Initial Profile: Based on a host's role in the Ansible inventory (e.g., webserver,
database, compute), use the ansible.builtin.command module to execute tuned-adm
profile <profile_name> and set the appropriate initial security posture.

For ad-hoc, one-off changes outside of a tuned profile, Ansible can write directly to the sysfs file.
While there is no dedicated sysfs module in the core Ansible collections, and third-party roles
like oefenweb.sysfs may be platform-specific, the ansible.builtin.shell module provides a simple
and portable method :
- name: Temporarily disable all mitigations for a benchmark run

hosts: compute nodes

become: true

tasks:
- name: Write 'mitigations=off' to the sysfs control file
ansible.builtin.shell: 'echo "mitigations=off" >

/sys/devices/system/cpu/mitigations’
register: mitigation change
changed when: mitigation change.rc == 0

#... run benchmark tasks...

- name: Re-enable default mitigations after benchmark
ansible.builtin.shell: 'echo "mitigations=auto" >
/sys/devices/system/cpu/mitigations’

Auditing and Verification: The Unskippable Step

Given the profound security implications of altering CPU mitigations at runtime, a robust and
continuous auditing and verification process is not optional; it is a mandatory component of any
secure implementation.
Every single mitigation state change, whether triggered manually or by an automated daemon,
must be logged. These logs should be sent to a centralized, write-append-only or immutable log
aggregator, such as a SIEM platform, to prevent tampering by an attacker. Each log entry must
contain a rich set of metadata, including:

e A high-precision timestamp.

e The hostname or unique identifier of the node.



e The triggering principal (e.g., "tuned-daemon:cgroup_monitor", "ansible-user:admin”,
"ids-response:suricata").
e The mitigation state before the change.
e The mitigation state after the change.
e The reason or trigger for the change (e.g., "Untrusted process detected in cgroup”,
"High-severity IDS alert SIG-12345").
In addition to logging changes, the system's state must be periodically verified. The tuned-adm
verify command is designed for this purpose; it checks if the current system settings (in sysfs,
sysctl, etc.) match the configuration specified by the active tuned profile. This command should
be executed periodically by a monitoring agent (e.g., Nagios, Prometheus) to detect any
configuration drift or unauthorized manual overrides. An alert should be generated if the
verification fails, indicating a potential security issue or misconfiguration.
Finally, within a SIEM or observability platform, these mitigation audit logs must be correlated
with other data streams. By viewing mitigation changes alongside performance metrics (CPU
usage, application latency) and security events (IDS alerts, failed login attempts), security and
operations teams can gain the full context needed to evaluate whether the automation
framework is behaving correctly, effectively, and securely.

Conclusion and Strategic Recommendations

The proposed "Dynamic Mitigations" feature for the Linux kernel represents a significant
evolution in the management of the trade-off between system performance and security. It
provides a much-needed mechanism for adapting a system's security posture to the dynamic
demands of modern workloads. However, the power of this feature is matched by the complexity
of its secure implementation. A failure to appreciate the subtle interactions between the kernel's
transition logic, the underlying CPU microarchitecture, and the automation policies that govern
them can lead to the introduction of new and non-obvious vulnerabilities.

Synthesis of Findings

This analysis has shown that while the kernel's stop_machine_nmi() mechanism is robustly
designed to ensure an atomic software transition, the process is not without risk. The brief,
controlled window of zero-mitigation during the "revert-then-patch" cycle, combined with the
predictable, system-wide freeze and thaw, creates a potential attack surface for sophisticated
adversaries targeting microarchitectural state or leveraging side channels.

Secure automation is therefore not merely a matter of scripting writes to a sysfs file. It requires
the construction of a security-critical policy engine. This engine must be designed with a
"secure-by-default" philosophy, where a performant state is a privileged and temporary condition
granted only to trusted workloads, rather than the default. The most resilient architecture is a
layered one, combining workload classification via cgroups for baseline security with
threat-responsive overrides for emergency hardening.

Key Risks and Mitigation Summary

The primary risks and their corresponding mitigation strategies identified in this report are:
e Transient Security Gaps: The core risk of an exploit during the unmitigated phase of the
transition is primarily mitigated by the kernel's atomic stop_machine_nmi() process.



However, this software guarantee must be complemented by ensuring the handler code
explicitly flushes relevant microarchitectural state buffers (e.g., via IBPB) to defend
against hardware-level attacks.

e Side-Channel Information Leakage: The risk of the global freeze/thaw cycle being used
as a synchronization primitive for side-channel attacks can be mitigated by strictly
rate-limiting state changes in the automation daemon and, potentially, by introducing
randomized jitter into the kernel's task-thawing process to desynchronize the event.

e Policy Subversion: The automation logic itself is an attack surface. This risk is mitigated
by designing robust and difficult-to-spoof triggers, such as relying on kernel-enforced
cgroup membership for workload classification rather than easily manipulated signals like
process names.

e Operational Complexity and Contention: The system-wide nature of the control can
lead to policy contention in mixed-workload environments. This is best mitigated
organizationally by promoting workload isolation through virtualization or containerization,
and technically by implementing comprehensive, correlated logging to provide full visibility
into the automation's behavior and impact.

Recommended Adoption Roadmap

A phased, crawl-walk-run approach is recommended for adopting and automating Dynamic
Mitigations to manage risk and build operational experience.

1. Phase 1 (Manual Control & Benchmarking): Initially, deploy the feature but control it
exclusively through manual tuned-adm commands. This phase is critical for establishing
performance baselines, understanding the impact of different mitigation sets on key
workloads, and validating the stability and performance cost (~50ms freeze) of the
re-patching mechanism in a specific environment.

2. Phase 2 (Static Workload Profiles): Implement the first level of automation by using a
configuration management tool like Ansible to deploy static tuned profiles based on server
roles. This captures significant performance gains on isolated, trusted systems (e.g., HPC
clusters, batch processing nodes) without incurring the risks of fully dynamic toggling.

3. Phase 3 (Workload-Aware Automation): For environments with mixed-sensitivity
workloads, implement the cgroup-based classification and monitoring daemon. This
strategy should be the default baseline for most production systems, as it enforces a
robust "secure-if-untrusted-code-is-present” policy, automatically adapting to the workload
mix.

4. Phase 4 (Threat-Responsive Hardening): For the most security-sensitive environments,
implement the threat-responsive "circuit breaker" pattern as an overlay on the Phase 3
architecture. Integrate security monitoring tools (IDS, eBPF) to trigger an immediate,
non-resettable (without administrative intervention) switch to a "full lockdown" profile upon
the detection of a credible threat.

Future Outlook: The Need for Finer Granularity

The analysis and community feedback clearly indicate a strong demand for more granular,
per-process or per-container mitigation controls. The system-wide nature of the current
proposal, while a valuable first step, is an architectural limitation that creates operational friction
in multi-tenant and mixed-workload systems.

Future development in the Linux kernel should focus on integrating mitigation controls more



deeply with the scheduler and memory manager. Such an approach could allow the kernel to
apply different mitigation policies to different security domains—perhaps defined by cgroups or
another process-tagging mechanism—uwithout requiring a disruptive and global system freeze.
Achieving this level of granularity would resolve the policy contention issues inherent in the
current design and provide a more elegant, efficient, and ultimately more secure solution for the
diverse computing environments of the future.
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